Using low-energy electron microscopy, we have observed a reversible transition in the shape of Pb adatom and vacancy islands on Cu(111). With increasing temperature, circular islands become elongated in one direction. In previous work we have shown that surface stress domain patterns are observed in this system with a characteristic feature size which decreases with increasing temperature. We show that the island shape transition occurs when the ratio of the island size to this characteristic feature size reaches a particular value. The observed critical ratio matches the value expected from stress domains. DOI: 10.1103/PhysRevLett.96.036106 PACS numbers: 81.16.Dn, 68.35.Md, 68.37.Nq, 68.47.De A basic requirement to controlling nanoscale surface morphology is an understanding of the factors that affect the arrangement of atomic steps. In particular, understanding what determines the shape of 2D islands is important. In the absence of long-ranged forces, the equilibrium shapes of 2D islands on surfaces are determined from the anisotropy of step free energies by applying the Wulff construction [1] . If step energies are isotropic, island shapes are circular. However, as has been pointed out by many authors, the Wulff construction can no longer be applied in the presence of the long-range elastic, electrostatic, or magnetic interactions that are present on surfaces [2 -8]. As the size of islands increases, these long-ranged forces become more important. In particular, it has been shown that at a characteristic size, determined by a balance between the step energy and the long-ranged interactions, a transition from a compact island shape to an elongated shape should occur to minimize the long-ranged interaction energies. There is experimental evidence that this transition occurs for Ag islands on Si(111) and for twodimensional islands of Si on Si(001) and Si(111) [8] [9] [10] . For all of these cases the long-ranged force is caused by elastic relaxations due to the surface stress difference between the island and the surrounding terrace. In this Letter we report low-energy electron microscopy (LEEM) [11] observations of a shape transition which occurs for Pb overlayer islands on Cu(111). In this system a transition due to surface stress occurs as temperature is varied. This enables us to verify that the transition we observe is reversible. Also, we are able to accurately measure the characteristic size of surface stress domains independent of the droplet transition. We are thus able to verify the predictions of elasticity theory of equilibrium island shapes with increased accuracy.
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When submonolayer amounts of Pb are deposited onto Cu(111), two phases are observed [12 -16] . Below 0.22 ML, Pb is incorporated into the Cu surface in the form of a disordered surface alloy. At higher coverages, a condensed Pb overlayer begins to form. If the deposition temperature is above 650 K, this Pb overlayer initially occurs as isolated 2D islands. With increasing coverage these islands are observed to coalesce into well-defined stripes. This stripe phase then evolves into an ''antidroplet'' phase consisting of circular holes in the Pb overlayer phase. Increasing the Pb coverage fills the holes. Detailed analysis of these patterns has led to the conclusion that they are surface stress domains [17, 18] . Figure 1 (a) shows a LEEM image of four antidroplets in a Pb overlayer phase at a temperature of 570 K. In this image the Pb overlayer phase appears bright. The antidroplets are the dark circular regions. The dark stripes are regions of the alloy phase decorating atomic steps on the Cu substrate. The antidroplets were formed by stopping Pb deposition just short of the saturation coverage of the Pb overlayer. (For experimental details, see [19] .) At this temperature, mass transport is sufficiently slow that the droplets can have diameters considerably different from their equilibrium size [19] . Figure 2 (a) shows a LEEM image of the equilibrium striped phase at the same temperature formed at half the saturation coverage. Notice that the diameter of the droplets shown in Fig. 1(a) is comparable to the stripe width. Detailed calculations using a simple isotropic elastic Green's function [20] show that circular droplets becomes unstable with respect to elongation in one direction when the diameter of the droplet is greater than e 1=3 times the equilibrium diameter of an isolated droplet. Because the isolated equilibrium droplet diameter is e 2 =2 times the stripe width at half coverage [6] , the critical ratio of the droplet diameter to stripe width is e 7=3 =2 1:64. The droplets shown in Fig. 1 are smaller than this critical size, and hence their circular shape is consistent with theory.
This situation changes, however, when the temperature is increased. As Figs. 2(b) and 2(c) show, the equilibrium stripe width decreases with increasing temperature. (In Ref. [18] , this decrease is attributed to a decreasing boundary energy with increasing temperature.) Thus, at these temperatures, the equilibrium stripe width is smaller than the island diameter shown in Fig. 1(b) . One would thus expect that if this island was heated to the temperature of the narrow stripes of Figs. 2(b) and 2(c), maintaining constant area, the island shape would show the influences of long-ranged elastic relaxations. The heating sequence of Figs. 1(b)-1(f) confirms this effect. As the island is heated to a temperature where the island diameter is comparable to the stripe width, there is a sudden change in the island shape-it becomes elongated in one direction. When the temperature is lowered, the circular shape is recovered, as shown in Figs. 1(g)-1(i). This shape change can be reproduced precisely -as shown by the subsequent reheating sequence of Figs. 1(j)-1(l). The shape transition was not observed to depend on the heating or cooling rate. This reversibility is consistent with the shape change being an equilibrium effect and not a growth effect, as discussed in Ref. [21] . The direction of the elongation for all of the droplets is always in one of three directions. As argued in Ref. [22] , we attribute this to effects of the elastic anisotropy of the substrate. Figure 3 shows a plot of the aspect ratio as a function of temperature of a sequence similar to the one shown in Fig. 1 . The aspect ratio was measured by fitting an elliptical shape to the droplets and measuring the length of the axes parallel and perpendicular to the elongation direction. Below we refer to these axes as ''long'' and ''short,'' respectively. Also plotted in Fig. 3 is the temperature dependence of the equilibrium island area deduced from the measurements of the stripe width presented in [18] . Clearly the aspect ratio reversibly changes at a well-defined critical temperature when the equilibrium droplet size reaches a particular value. This sudden shape transition (as opposed to a continuous evolution in shape) is what has been predicted to occur by elasticity theory when the size of an island becomes larger than the stress domain size [9, 10, 20] . The question now is whether the ratio of critical droplet diameter to stripe width agrees with theory. Measuring the critical ratio from Fig. 3 is complicated by the fact that besides the shape of the droplet changing with temperature, the area of the droplet is also changing (as seen in the figure). The reason for this change can be understood by considering the local environment of the islands shown in Fig. 1(a) . As a function of temperature the relative fractions of the total surface area that is occupied by each of the two surface phases has to be approximately conserved [23] . As shown in Fig. 1(a) , surrounding each terrace there is a step decorated with a stripe of alloy phase, which is close to its equilibrium width. As the temperature is lowered, Pb migrates from the antidroplets to the bounding stripes in order to allow the stripe width to shrink. This results in an increase in the area of the antidroplets with increasing temperature. This effect accounts for the droplet area changes seen in Figs. 1(b)-1(l) . To determine accurately the critical ratio of droplet size to stripe width, this area change must be taken into account. To do this we plot the length of the short and the long axes of the antidroplet as a function of island area, rather than temperature, as shown in Fig. 4 . Again, it is clear that there is a sharp transition at a well-defined droplet area [24] . To estimate this droplet area, we have determined the largest island area where the long and the short axis are no longer the same with their uncertainty. This uncertainty was estimated as 25 nm by measuring the fluctuation in each axis near the bifurcation point. Thus, combining Figs. 3 and 4 both the size and temperature of a critical droplet is now known. We have made this measurement for several droplets of different critical areas (and temperatures). The result of this analysis is shown in Fig. 5 , which shows the critical droplet size as a function of stripe width. Although there is some scatter, the critical size is roughly proportional to the equilibrium stripe width. By performing a linear leastsquares fit we estimate that the value of the ratio of the critical droplet diameter to equilibrium width is 1:5 0:1. This measurement is in reasonable agreement with the value of approximately 1.64 we predicted above for stress domains, given the simplifying assumptions of our calculation [25] and the experimental uncertainties.
Another aspect of the shape transition predicted by elasticity theory is that the equilibrium shape of the elongated islands should be a dog-bone-like shape with con- cave sides [8] . A careful examination of Fig. 1 reveals that the shape of a droplet as it goes through the transition does indeed follow the shapes predicted by the calculations. In the latter stages of the transition, where the length of the stripe is large with respect to its width, we indeed find the dog-bone shape, as can be seen in Figs. 1(d)-1(l) . This aspect of the shape transition further supports the interpretation of the shape transition in terms of stress domains. We have presented measurements illustrating a reversible shape transition of Pb overlayer islands in the Pb=Cu111 system. Isolated droplets assume an elongated shape when temperature is raised. Because of the reversibility of the transition we are confident that it is thermodynamic in origin. The fact that the details of the shape transition are so close to those predicted by stress domain theory supports our previous conclusions about the importance of elastic relaxations in the Pb=Cu111 system [17] [18] [19] . It is striking that long-range elastic interactions, which are weak on an atom-by-atom basis, can determine the morphology of islands on length scales of hundreds of nanometers.
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